Abstract-The sol-gel process has emerged as an effective route for the fabrication of optical waveguides and guided wave devices and circuits. In particular, it is possible to incorporate active dopants like neodymium, erbium, and cesium for integrated optical active devices and circuits. In this paper, a review of recent research on active devices and circuits based on sol-gel process is made. Specific studies undertaken in our laboratory on optical amplification and photosensitivity characteristics of sol-gel optical films are presented. In the case of modeling and analysis of active sol-gel films for the study of optical amplifiers, we present the Atomic Susceptibility Theory of lasers and also the method of rate equations, duly taking into account the waveguide parameters. The Beam Propagation Method is applied to study the propagation and gain characteristics of actively doped sol-gel film devices such as straight waveguide, -branch, and directional coupler. Formation of Bragg gratings in cerium-doped films are investigated. Also, futuristic applications in MEMS where the sol-gel process will be effectively used to form optical layers that can be controlled by mechanical effects are pointed out.
waveguide devices. It also presents some of our own analytical and experimental work [2] . A review of the recent literature pertaining to fiber amplifiers, waveguide amplifiers by non-sol-gel route, and waveguide amplifiers by the sol-gel process, is given in Section II. This section also includes a review on photosensitivity in fibers and planar waveguides. The next section deals with the analysis of waveguide amplifiers and devices and gives numerical simulations using parameters corresponding to sol-gel processed waveguides. Experimental work done in our laboratory in forming sol-gel films with amplifying dopants and photo-sensitive dopants are presented in Section IV. The concluding Section V provides comments on the applications and future directions. The combination of the sol-gel process and integrated optics for micro-opto-electro-mechanical (MOEM) devices is highlighted.
II. AMPLIFICATION AND PHOTOSENSITIVITY IN OPTICAL WAVEGUIDES
Silica glass is one of the most important materials in optics. With the advent of silica optical fiber for communication, the need for detailed studies of glass compositions as hosts for fiber lasers and amplifiers has gained importance. Glass hosts doped with a variety of rare-earth ions have been studied extensively in the past [3] , [4] . Much of the focus has been on rare-earth materials such as neodymium, erbium, and praseodymium, because their wavelengths of operation fall in the desired windows of optical fiber communication systems. The theoretical study on Nd-doped fiber was first reported in 1985 [5] . This was soon followed by work on Er-doped fiber [6] . Studies relating to phosphate and fluoride host glasses instead of silica glass have been reported in [7] , [8] .
While early work was directed toward fiber lasers and amplifiers, researchers in later years attempted to explore waveguide amplifiers in integrated optics form. Fiber-based amplifiers and lasers offer advantages in terms of easy and efficient coupling to the optical transmission fiber. On the other hand, the same devices in planar integrated optic form is advantageous in terms of compactness and ability to integrate other functional elements on the same chip.
Well-known glass waveguide passive devices, such as star couplers/power splitters, could be suitably modified into amplified versions by the incorporation of a rare earth, which thereby would be useful in compensating the splitting and insertion losses [9] - [11] . Using rare-earth doped waveguides, it is also possible to fabricate monolithic and compact narrow linewidth single-frequency lasers by integrating coupled cavities, ring resonators, or distributed feedback mirrors. Such potentially stable laser sources would also find application at 1050 nm (neodymium), suitable for seeding high-power glass lasers. Finally, by employing various rare-earth ion transitions, it is possible to reach other wavelengths from the IR to the visible region of the electromagnetic spectrum by suitable up-conversion pumping schemes, as in the case of fiber lasers [12] .
A good number of fabrication technologies have been suggested and explored for the fabrication of waveguide optical amplifiers [13] - [15] . Thin film deposition, diffusion, ion-exchange, flame hydrolysis and sol-gel based spin or dip coating are some of the techniques used to fabricate IO amplifiers. Another method used in the fabrication of garnet waveguides is liquid phase epitaxial growth [16] . The use of a dry silver film ion-exchange technique is reported in [17] . The propagation loss was 0.63 dB/cm and the calculated gain was 8.8 dB for a 7.2-cm long waveguide and 250-mW pump power at 980 nm. RF magnetron sputtering and ion beam milling were used in another study which reported a small signal gain of 3.7 dB with a 70-mW, 980-nm pump power [18] . Spectroscopic study of erbium doped phosphate glass planar waveguides made by either ion exchange or pulsed laser deposition has been reported [19] . A comparison of erbium-doped waveguide amplifiers is given in [20] . Er-doped lithium niobate waveguide amplifiers and other devices are reported in [21] .
Amplifier efficiency is one of the important factors in practical systems. The waveguide parameters and the choice of pump wavelength have a bearing on amplifier performance. Deleterious effects include thermal and concentration quenching, and cooperative processes involving cross-relaxation and up-conversion [22] , [23] , [4] . For optical waveguide amplifiers, the interaction length is much shorter than that for fiber amplifiers, thereby requiring a larger active ion concentration. The larger doping level results in increased quenching. Concentration quenching is a consequence of the combined effects of ion clustering and cooperative energy transfer between ions. The microclustering in silica glasses can be improved by the use of codopants as network modifiers. In particular, it has been shown that co-doping with Al or P with Nd in silica glass helps to eliminate microclustering of Nd ions, resulting in an improved fluorescence spectrum [24] . Control of concentration quenching due to excitation migration from excited to unexcited erbium ions followed by quenching at hydroxyl impurity sites call for careful modeling and optimization. Quenching at hydroxyl sites may become a critical issue in sol-gel waveguides since they usually retain more OH ions.
Apart from the need for efficient optical amplifiers, there are other requirements such as waveguide filters, dispersion compensators, and other grating-based devices in optical fiber communications. The demonstration of photosensitivity in germanosilicate optical fibers by Hill et al. in 1978 triggered intensive research in the direct writing of gratings in fiber and integrated optical waveguides [25] . From an experimental and analytical study, it is reported that at least two types of photorefractive effects-type I and type II-are responsible for the complicated dynamical evolution of the grating growth due to UV exposure in germonosilicate fibers [26] , [27] . Besides germanosilicate fibers, photosensitivity in tin-doped phosphosilicate, tantalum-doped silica, and cerium-doped silica optical fibers have also been reported [28] - [31] .
There have also been some studies of photosensitivity in planar optical waveguides: phosphorous-doped silica glass waveguides formed by flame hydrolysis [32] and Ge-doped silica waveguides fabricated by PECVD [33] , [34] have been shown to exhibit photosensitivity when exposed to UV light.
Sol-gel technology is the topic of interest in this paper. Synthesis of several oxide glasses and waveguides have been known to employ the sol-gel process [35] . Of these, in terms of potential use in fiber optic communications, three compositional groups are of importance: 1) titania-silica glasses for passive devices; 2) rare-earth doped silica glasses for laser and amplifier applications; and 3) photosensitive glasses which can be used both for direct writing of channel waveguides as well as writing of Bragg gratings. Different sol-gel techniques have been employed both for bulk, as well as waveguide, applications. The sol-gel process has also been used to introduce organic molecules and enzymes in gels to fabricate various sensors.
One of the difficulties when it comes to the fabrication of thick sol-gel films required in integrated optics is that the film cracks if the deposited layer is thicker than a certain value. A sol-gel process based on the repetitive spin coating and rapid thermal annealing which overcomes this problem has been developed at Imperial College, London, U.K. The method uses a multilayer processing in which thermal annealing is done at the proper temperature after the application of each individual layer by spin coating [36] , [37] . A dip-coating method along similar lines has also been reported [15] . A reflow and burial technique to form a sol-gel glass channel waveguide on silicon has also been reported [38] . Sol-gel synthesis of fluoride optical materials has been studied for IO applications [39] . Another important method involves the use of organically modified silicate system (ORMOSIL). This hybrid system uses organo-mineral precursors and the sol-gel process. This way, one can obtain UV light to directly pattern channel waveguides or other devices, bypassing the need for a mask and etching procedure [40] - [42] . Numerical simulations to understand and optimize the parameters in connection with the fabrication of channel waveguides by the sol-gel process are described in [43] .
Sol-gel waveguides doped with rare-earth elements have been studied by Orignac et al. [44] , [45] . A loss value of dB/cm and a fluorescence life time of 375 s were measured for the case of a Nd-doped sol-gel film, while for the case of Er-doped film, the fluorescence life time was 1.78 ms. In the case of Nd-doped sol-gel film, quenching was found to occur at concentrations above 1 at. %. Optical properties of Er-doped sol-gel derived films have also been investigated by other groups [46] - [48] . In [48] , the fluorescence lifetime of about 8 ms, a propagation loss of dB/cm, and a relative gain upto 1 dB/cm were reported. Theoretical analysis of amplified spontaneous emission in dye-doped sol-gel amplifiers is recently reported [49] .
Photosensitivity, Bragg grating formation, and fabrication of channel waveguides by UV exposure of sol-gel films have been reported [50] - [53] . Photosensitivity studies in sol-gel based waveguides have two objectives: 1) direct writing of waveguiding structures and 2) fabrication of Bragg grating in planar and channel waveguides. Both objectives can be achieved in sol-gel derived photosensitive waveguide by first photoinscribing the channel waveguide by UV exposure, and then inscribing the grating into the waveguide by a second exposure through a phase mask [51] , [52] . An analysis of the grating reflectivity using a vectorial coupled-mode theory is reported in [50] .
III. ANALYSIS OF OPTICAL WAVEGUIDE AMPLIFYING DEVICES
Modeling and simulation of waveguide amplifiers consists of combining waveguiding properties with laser action. One specific feature is the role of the waveguide dimensions and mode confinement. Two common methods of analysis are: 1) the rate equation approach and 2) the atomic susceptibility theory of lasers. While the former is more comprehensive, the latter provides an easy way to model the refractive index variations due to doping [3] .
We present an analysis of gain characteristics using atomic susceptibility theory. With a view to study the influence of the waveguide parameters on the gain profile, its dispersion properties were determined by solving the nonlinear dispersion equation. The atomic susceptibility theory is used to obtain the gain coefficient by fitting a Gaussian curve to the absorption spectra. The modified gain characteristics were determined from the susceptibility profile and the waveguide dispersion. Alternatively, using the rate equations approach, by modeling the amplifier as a three-level system and solving for the population densities of each of the laser levels, we determined the gain coefficient. However, in the case of waveguide amplifiers, one should take into account the dependence of pumping and stimulated emission rates on the waveguide parameters. In the case of waveguide devices such as the -branch or directional couplers, the Beam Propagation Method can be used to simulate the device characteristics by incorporating the amplifying effects in terms of the waveguide complex effective refractive index.
A. Atomic Susceptibility Theory
This theory [54] , [55] essentially exploits the use of the density matrix description, which is a semi-classical approach, wherein the electrical field interacting with the matter is considered to be classical, while the atomic system is quantized. A full description of the complex atomic susceptibility and complex refractive index associated with the gain medium can be obtained with the model.
The starting point in this model is the analysis of the propagation of an ideal electromagnetic plane wave through an atomic medium. The terms under consideration include optical gain or loss, atomic phase shift, ohmic loss, and scattering loss.
Contribution of the lasing atoms in the atomic medium is represented by the dielectric polarization . The medium properties are represented using the complex susceptibility , which is a function of the frequency . The approach is useful for incorporating the waveguiding properties of the gain, since the latter can be related to the imaginary part of the susceptibility. From
Maxwell's equations, we arrive at the scalar wave propagation equation containing the complex susceptibility as follows: (1) where phasor amplitude of any one of the vector components of ; permeability; permittivity; ohmic conductivity of the medium. For propagation along the axis (2) where the propagation constant is thus defined as . The propagation factor can be written as (3) where the complex atomic susceptibility is written as . Thus, the complex atomic susceptibility has a resonant lineshape with frequency-dependent real and imaginary parts.
The final solution can be expressed as
The electric field varies with propagation distance and time across the homogeneous gain (or loss) medium according to (4) . The first term in (4), , accounts for the phase variation, which can be significant over large distances (compared to ). The second term in (4) is the atomic phase shift which comes into play due to the real part of the atomic susceptibility . The third term is the ohmic or background loss coefficient. The term that has much significance in this work is the atomic gain coefficient, given by , which results from the imaginary part of the atomic susceptibility , and is represented by the fourth term.
The absorption spectrum being proportional to the lineshape, it is possible to model experimental spectra to obtain at the resonant frequency , which is taken for a strongly inhomogeneous limit to be (5) where (6) and is the inverted population density (atoms/cm ), is the absorption wavelength, is the radiative decay time, and is the 3-dB spread in the angular frequency spectrum for the inhomogeneous case. From the above discussion, we are indeed able to observe the inherent dependence of the absorption spectra on the lineshape of . This is then used to calculate the gain coefficient and, hence, the value of the absolute gain of the medium.
The gain coefficient of the medium is given by (7) where is the velocity of light in the medium. The absolute gain is given by the following expression: (8) where denotes the length of the gain medium.
Assuming an absorption coefficient proportional to the atomic susceptibility, Lorentzian, Gaussian, or other line-shape functions can be used to fit the spectral variation at different peaks in experimentally measured absorption spectra. It is observed that the broadening in the case of Nd-glass sample is inhomogeneous and a Gaussian line shape function is a better approximation. From the best-fit curve, the FWHM and the gain coefficient can be calculated.
When the amplifier is in the form of a waveguide, the gain profile expression is modified by incorporating the waveguide structural parameters, such as the waveguide dimensions, the refractive index variations, and operating optical frequency. A direct way to do this is to replace the free-space (bulk) propagation constant with the waveguide mode propagation factor , which varies with operating frequency through the nonlinear equation representing waveguide modal dispersion. The structural parameters of the waveguide can be introduced through the parameter given by (9) where is the waveguide depth, and and are the refractive indices of the film and of the substrate, respectively.
The dispersion equation in the case of planar thin films for the th mode of a planar waveguide is given by (10) where is the asymmetry parameter and is the normalized propagation constant, related to the propagation factor by (11) The gain coefficient for the waveguide case can now be considered as proportional to the product of two functions, and , which can be expressed as
The experimental fabrication and characterization of sol-gel films studied by us is presented in the next section (Section IV). The measured absorption spectrum of a typical sample showing different peaks (585 and 460 nm) are shown in Fig. 1 . Using this, Lorentzian and Gaussian curve fits for the peak at 585 nm is shown in Fig. 2 . The solid curve denotes the experimental spectrum, the dashed curve denotes the Gaussian fit, and the dotted-dashed curve denotes the Lorentzian fit. It is seen that the Gaussian fit is a better approximation, and can be used to calculate the gain of the Nd-waveguide amplifier.
Next, the effect of waveguide parameters on the gain profile was studied. If we represent the change in gain profile for the bulk and waveguide cases as , then (13) where is the gain coefficient in the waveguide and is the gain coefficient in bulk.
This variation for an Nd-doped sample is plotted in Fig.  3 , where change in the gain is shown against the normalized relative frequency (NRF) given by for different waveguide depths: 0.7 m (solid curve), 1.0 m (long dashed curve), and 1.2 m (short dashed curve). We find that the gain profile is modified asymmetrically. The asymmetry is more pronounced in the case of waveguides with stronger guidance. This information is useful to design waveguide amplifiers with optimal gain. 
B. Method of Rate Equations
The method of rate equations [3] , [56] , to analyze the gain in optical amplifiers, consists of two major steps: 1) calculation of the population densities of the atomic system and 2) evaluation of amplification (or attenuation) of the pump and signal beams as they propagate through the medium.
The population dynamics of a laser amplifier can be studied by considering the atomic system to be a three-or four-level system. The three-level system is a simplified and yet conceptually useful representation of an erbium laser. Atoms from the ground state are lifted to upper level 2 by pumping, from where the atoms relax to level 1 nonradiatively. Lasing takes place between upper level 1 and ground level 0. If we denote the pumping rate, stimulated emission rate, and spontaneous decay rate as and , respectively, then we may represent the various transitions, as:
pumping rate between levels 0 and 2; stimulated emission rate between levels 2 and 0; spontaneous radiative decay rate; nonradiative decay rate; , stimulated absorption and emission rates, respectively, between levels 0 and 1. From the rate equations and after simplification, we get the population densities for the lasing levels under steady-state conditions as (14) (15) where it is assumed that and , and . If a light signal of intensity, at traverses a thin slice of the amplifier of thickness and with atomic population densities, and , then the intensity change is given by (16) where and are the absorption and emission cross sections, respectively. The gain coefficient is obtained from the above equation and is given by (17) For light guided by the waveguide, the signal power coupled into the mode will have a finite spatial distribution over the waveguide plane. Defining the mode envelope as , where represents the rectangular transverse coordinates, with being the direction of propagation along the waveguide, the optical power coupled into the mode results in a light intensity distribution in the waveguide transverse plane, given by (18) In terms of , we can write (19) Hence, the rate at which the optical power changes as it propagates along the waveguide is (20) where is the normalized mode envelope given by (21) The variation of gain with waveguide length for different normalized signal power coupled into the waveguide mode is shown in Fig. 4 for an erbium-doped sol-gel waveguide amplifier. The solid curve represents gain for an incident power of , short dashes for , and long dashes for . The gain dependence of a waveguide amplifier in terms of length, mode field properties, input signal, and pump powers can thus be easily modeled.
C. Integrated Optic Devices With Amplifying Dopants
Analysis of integrate-optic devices with amplifying dopants presents several interesting features [14] . Novel devices, particularly with unity transfer functions, are possible. Here, we simulate the properties of typical integrated optic devices such as a straight waveguide, tapered waveguide, -branch, and directional coupler. The 3-D problem is first reduced to a 2-D one by using the effective index method [57] and simulations are carried out using the conventional Beam Propagation Method [58] . For this purpose, the refractive index profile of the waveguide is modified to include an imaginary part as per the susceptibility theory discussed earlier (Section III-A). Fig. 5 shows the small-signal gain variation of a Nd-doped straight waveguide with change in effective refractive index. For a reasonably strong confinement, the gain can be as high as 10 dB/cm. Results of simulation of light propagation (in terms of normalized field amplitude) in an active waveguide -branch (lower plot) and a passive waveguide -branch without gain (upper plot) are shown in Fig. 6 . Compared with a normal passive -branch, we see that the output power is amplified by 3 dB in each of the output ports. The refractive index of the -branch is optimized to obtain a unity gain. Simulations in the case of a directional coupler designed for the cross-over state (Fig. 7) show that in addition to amplification, the cross-over coupling length is altered. The parameters (typically) used for the simulations are: operating wavelength m, substrate refractive index , waveguide refractive index , waveguide height m, waveguide width m, and imaginary part of the effective refractive index . These studies help to optimize the gain characteristics of integrated optic devices of unity gain or any desired gain value for a given set of waveguide parameters.
IV. EXPERIMENTAL WORK

A. Fabrication of Sol-Gel Waveguides
Fabrication of composite planar waveguides on glass substrates doped with Nd and Er ions is easily achieved using the sol-gel method [59] . We have used a process which consists of forming a multilayer film by spin-coating several thin layers and thermal annealing after the application of each individual layer [36] , [37] . Planar waveguides on glass (refractive index ) were prepared using the sol-gel process. Tetraethyl orthosilicate (TEOS) and titanium (IV) isopropoxide (TPOT) were used as precursors in the molar ratio of 80:20. The recipe for sol was as follows: TEOS (5.89 ml) was first mixed with absolute ethanol (25 ml) and partially hydrolyzed by the addition of 0.1 N HCl keeping the water:alkaloid ratio at one for 2 h at 300 K in a magnetic stirrer. TPOT (2 ml) was separately hydrolyzed in absolute ethanol (25 ml) containing a few drops of concentrated HNO and stirred for 30 min. HNO was added to keep the ethanolic solution of TPOT clear, avoiding the formation of a cloudy precipitate of titanium hydroxide. Both the alcohol solutions of TEOS and TPOT were then mixed and stirred for about 1 h.
In the case of Nd , neodymium trioxide (Nd O ) was converted into nitrate form using concentrated HNO ; this was then used as the dopant with a concentration of 2.5 at.%, during the hydrolysis step of the alkaloid mixture. An ethanolic solution of phosphorous pentaoxide (Nd:P::1:10) was also added to the sol to avoid the clustering of Nd atoms during the glass formation.
The sol was aged for 24 h and was spin-coated on clean glass substrates. The coating was done for 30 s at 3000 rpm on a Headway Research Inc., spinner. Soon after coating, the samples were annealed at a temperature of 500 C for 15 min. Typically, five layers on each sample were formed using this procedure.
A similar process was adopted for the doping with cerium [60] . The sol-gel preparation involves the hydrolysis and condensation of tetraethyl orthosilicate with water and dilute hydrochloric acid in an alcoholic medium. To this, an ethanolic solution of phosphorus pentoxide is added and finally cerium is added in the form of cerium nitrate. The mixture was agitated for 2 h for complete dispersion of cerium nitrate into the gel. P O was used as a codopant to enhance the photosensitivity.
As another example, preparation of an organic-inorganic composite material using the sol-gel process is given below [61] . The composite sol-gel was prepared using polyvinylpyrolidone (PVP) as the organic constituent, while TEOS and TPOT in the molar ratio of 80:20 formed the inorganic constituent. The ratio of the organic to inorganic constituent was 50:50 (wt.%).
B. Characterization of Sol-Gel Films and Waveguides
The sample waveguides as described above were excited by the prism-coupling method [57] . It was found that they supported 1-3 modes, as evidenced by -line measurements at nm. The refractive index difference between the waveguide and the glass substrate was typically 0.03 (for Nd-doped samples) and the thickness of the coating per layer was about 200 nm. Using a surface-scattering measurement technique, the propagation loss was found to be 2 dB/cm. Spectral characterization and gain measurements of the samples were done to study their amplification properties.
Broadening of atomic transition line shape was studied using absorption spectra. We have observed that the results obtained for spin-coated sol-gel based Nd-glass optical waveguides are in good agreement with the studies conducted in bulk materials. Fig. 8 shows the experimental setup used to characterize the waveguide amplifiers. The gain measurement was performed using a dye laser (Quanta Ray DCR-3) as the pump source at a wavelength of 575 nm. A small signal at 1060 nm from a Nd:YAG laser was used to measure the signal gain. A filter was used at the output to cut-off wavelengths less than 800 nm. The sample length was typically 1 cm and the launched signal power was 1-2 W. The measured gain, on average, was 14 dB/cm. The calculated gain using the atomic susceptibility theory was 17 dB/cm. Taking into account the propagation loss, it is seen that there is a reasonable agreement between the predicted and measured values [62] . The gain in the case of Nd-doped waveguides is high compared to the gain in EDWA, which is about 4.5 dB/cm [20] . Quenching due to OH is one of the reasons for the use of lower doping concentration and hence a lower gain. It is known that Er-doped gain media are more sensitive to OH ion quenching than Nd-doped material.
C. Photosensitive Waveguides: Bragg Gratings
Gratings formed on waveguides have many applications in integrated optics. Sol-gel waveguide films doped with elements such as cerium and germanium exhibit photosensitivity when exposed to UV radiation. This can be used to write Bragg gratings in optical waveguides. The permanent change in the refractive index on exposure to light can be explained using either the color center model or densification model. Theoretical analysis of the characteristics of waveguide gratings can be done using the coupled-mode theory [57] , [63] .
Photo-induced refractive index changes are well known in germano-silicate fibers [25] . In germania-doped devices, the photosensitivity depends on the population of GeO defects, which is difficult to control during fabrication. On the other hand, Ce can be easily photo-ionized to Ce , which leads to the formation of color centers in both crystalline and amorphous host materials. In the case of rare-earth doped sol-gel waveguides, Ce doping also reduces the formation of clusters resulting from the incorporation of high concentration of rare-earth ions. The absorption spectra of cerium-doped samples show a peak near 296 nm, which is due to Ce color centers and corresponds to a 4f-5d electronic dipole transition. The position of the peak is highly dependent on the glass composition. Due to this electronic transition, exposure to light leads to permanent change in the refractive index.
Cerium ions exist in two ionic states, cerous (Ce ) and ceric (Ce ) states. The equilibrium in the two states depends on basicity of glass matrix and glass preparation conditions. A photoinduced absorption change in cerium doped sol-gel waveguide has been attributed to Ce ions which are photoionized to form (Ce ) ions on UV exposure [30] , [31] .
The sample waveguides as fabricated in Section IV-A was exposed to UV light (248 nm) from a KrF excimer laser that delivered 0.2 J of energy per 20-ns pulse in a mm mm rectangular beam. The refractive index change for different UV exposure energies is plotted in Fig. 9 , which clearly shows that the index change is nonlinear and saturation occurs around 0.4 J. Next, the phase mask technique was employed to imprint gratings on the waveguide samples. Exposure of the waveguide to the pulsed excimer laser (248 nm) through the phase mask resulted in a refractive index modulated grating. A scanning electron microscope photograph of a UV-exposed Ce-doped film is shown in Fig. 10 . Grating formation due to densification in the exposed region can be observed in the figure. A typical refractive index change of was obtained. The waveguide with grating was tested using He-Ne laser for diffraction of light. The diffraction efficiency was typically about 40%. The stability of the grating was tested by a heating arrangement. A decrease in diffraction efficiency by 0.1 dB/ C was observed in the temperature range of 40 C-120 C.
V. CONCLUSION
The sol-gel process is an effective method of fabrication of integrated optical waveguides and devices, particularly due to the ease of incorporating various dopants. In this paper, the fabrication of sol-gel based integrated optic waveguides with neodymium, erbium, and cerium was presented, along with their application to specific devices, namely optical amplifiers and Bragg gratings. Results of analysis, simulation, and experimental work are given. In recent years, there has been rapid progress in the fabrication and characterization of sol-gel based IO waveguides and devices, with and without active dopants. Several research groups across the world have proven core competence in this area. However, to our knowledge there has been no report of packaged devices ready for commercial exploitation. Long-term stability and improved performance along with packaging issues need to be addressed soon so that the inherent potential in terms of economy and flexibility offered by the sol-gel technology becomes practical. With increasing interest in micro-electro-mechanical systems for sensors, smart structures, and communications applications, the sol-gel process attains further importance in developing optical MEMS where optical devices could be controlled by mechanical structures [64] . The sol-gel process thus presents a simple and effective route to conceive and develop novel integrated optic devices.
